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The nature of phase transitions in natural and synthetic proustite, Ag3AsS3 , has been studied in
darkness above 300 K and compared with its natural counterpart pyrargyrite, Ag3SbS3 . The
behavior of proustite is characterized by silver ion mobility within the structure. Proustite and ~to a
lesser extent! pyrargyrite were investigated as a function of temperature by x-ray and neutron
powder diffraction, dielectric spectroscopy, and dynamic mechanical analysis. At 305 K ~280 K for
pyrargyrite! proustite undergoes a second-order phase transition, exhibiting a positive nonsymmetry
breaking spontaneous strain of the unit cell, with thermal expansion along @001# changing from
negative to positive. This strain results from the onset of thermally induced hopping of silver ions,
as revealed by impedance spectroscopy. It may be described as an almost undamped Debye
oscillator, which is not present below Tc ~305 K! with an activation energy of 0.42 eV ~0.40 eV for
pyrargarite!. Around 420 K the high-frequency conductivity of proustite begins to increase,
accompanied by elastic softening. At this temperature increasing random disorder of silver within
possible unoccupied sites in the structure leads to increased electrical conductivity and destabilizes
the material. When almost all silver ions are disordered into a so-called ‘‘molten sublattice,’’ a
transition to fast ion conduction ~at 540 K in proustite and 490 K in pyrargyrite! is reached. The
additional component to the thermal expansion disappears and a linear negative spontaneous strain
suggests a second-order phase transition. Above the transition silver seems to be maximally
disordered, the structure itself is weakened and the sample starts to decompose. © 2002 American
Institute of Physics. @DOI: 10.1063/1.1520720#
I. INTRODUCTION
Over the last few decades proustite, Ag3AsS3 , has at-
tracted considerable interest due to its physical properties
and possible technological applications. Proustite is well
known as an electro-optic crystal with nonlinear optical char-
acter. It is acentric as well as uniaxial, and can be used for
optical mixing and second harmonic generation.1 Its proper-
ties as a photosensitive semiconductor are used in
acoustoelectronics2 and optics, as well as in the field of
dielectrics.3,4
Proustite, Ag3AsS3 , and pyrargyrite, Ag3SbS3 , belong
to the group of complex sulphosalts AxBySn , where A
5Ag, Cu, Pb, etc., and B5As, Sb, Bi. Pure red, rhombohe-
dral silver orthosulphoarsenite crystals were first described
by Proust in 1804, after whom they were named as proustite.
In nature, proustite almost always appears together with pyr-
argyrite and other silver bearing minerals and sulphides like
argentite or acanthite ~both Ag2S) in epithermal veins, which
form silver ore deposits. The formation temperatures of the
veins are mostly in the region of 573 to 673 K. Proustite and
pyrargyrite form a complete solid solution.5 They are isos-
tructural (R3c), and have similar physical properties and
crystal habit. A second, quite rare natural modification of
Ag3AsS3 is called xanthoconite, which is yellow and mono-
clinic (C2/c).6 It seems to be a less stable phase than prous-
tite and changes structure irreversibly into proustite at 465
610 K through a reconstructive phase transition.7 These
phases lie in the ternary system Ag–As–S on the binary join
Ag2S–As2S3 , and at high temperature decompose into these
two end members.8
Proustite exhibits a variety of physical phenomena,
which often can be assigned to particular temperature regions
and are mostly related to optical and electrical properties.
The structural properties, and especially the distribution of
silver ions within the structure, play a major role in changes
of physical behavior of the sample with temperature. The
room-temperature structure of proustite was first described
by Harker,9 who found it to be trigonal, space group R3c .
The arsenic and sulphur atoms form covalently bonded AsS3
pyramids occupying the C3 sites in the structure.10 Alternate
pyramids aligned along the polar threefold c axis are related
to each other through a c-glide plane. Ag atoms reside in half
of the possible C1 sites between the pyramids and corner link
the AsS3 complexes ionically via S–Ag–S links, which
a!Author to whom correspondence should be addressed; electronic mail:
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JOURNAL OF APPLIED PHYSICS VOLUME 92, NUMBER 12 15 DECEMBER 2002
74150021-8979/2002/92(12)/7415/10/$19.00 © 2002 American Institute of Physics
 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:
130.56.106.27 On: Fri, 16 Oct 2015 00:30:23
themselves form two sets of three-sided (AgS)‘ helices of
different handedness parallel to the c axis. The AsS3 pyra-
mids linked by Ag–S bonds are related through translational
symmetry only and not by the c glide. Thus, the structure can
be thought of as two interwoven but unlinked substructures
of pyramids and spirals related to each other via a c glide
plane ~Fig. 1!. There are three types of nonintersecting Ag
chains within the structure.
A semiconductor with an energy gap of around 2 eV at
290 K,4 proustite undergoes changes in its conduction
mechanisms, varying from electronic conductivity and pyro-
electrical conduction at low temperatures11,12 over different
stages of mixed electronic and ionic conductivity with the
ionic component dominating at temperatures in excess of
;230 K3 to a fast ion conducting phase at high
temperatures.4,13 Some of these conduction mechanisms are
strongly influenced by optical illumination. Below 28 K
proustite is ferroelectric. The silver ions interact with other
atoms ionically and are the mobile species in the structure.
Many changes in characteristics, such as the ionic conduc-
tion in proustite and several suggested phase transitions, are
related to the different stages of silver ion order–disorder.
Silver has an oblate thermal vibration ellipsoid14 and ionic
conductivity is likely to take place through the chains of
silver and the (AgS)‘ spirals in the structure, both being
equally probable. Ewen and co-workers15 linked this motion
of silver closely to the existence of six alternative sites for
silver ions, in which they can disorder. The Ag1 ions move
in double-well potentials created by the remaining lattice in
between the S–Ag–S spirals.
The low-temperature ferroelectric transition, further in-
commensurate behavior and structural transitions have been
the subject of numerous studies.14–21 An enigmatic second-
order ‘‘phase transition’’ at 210 K, only occurring under il-
lumination with white light, was claimed by Yang and
Taylor.13 At this transition many physical properties, such as
the band gap energy, absorption coefficient and ionic con-
ductivity, show anomalies, but no sign of a structural change
was detected in x-ray, neutron, or nuclear magnetic reso-
nance ~NMR! experiments.13,14,16 The proposed mechanism
of this transition involves the redistribution of silver ions
within all 12 possible sites in the structure under the influ-
ence of illumination.22 Up to 305 K proustite shows an
anomalous dielectric relaxation process when illuminated, in
which «8 increases anomalously with decreasing tempera-
ture. Without illumination no relaxation process is detected.3
According to Yang and Taylor,4 marked changes in dis-
persion occur at 305 K. Below this temperature the conduc-
tivity is strongly frequency dependent and the dc conductiv-
ity is determined by the Ag1 migration energies alone. The
dominant defects are still nonstoichiometric interstitial Ag1
ions created by diffusion of silver ions excited by illumina-
tion through an interlayer of good ionic conductivity. It is
stated that, above 305 K, the conductivity of nonilluminated
samples becomes almost independent of frequency but de-
pendent on temperature, and is determined by silver ion mi-
gration energy and interstitial silver ion formation energy, in
which carrier concentration is thermally activated with low
hopping rate and high carrier density.
It is reported that above 420 K the silver ions have suf-
ficient thermal energy for superionic conduction, becoming
randomly distributed within the lattice, with a change from
point defect conduction to a ‘‘molten sublattice’’ of silver.4
However, relatively little is known about any structural
changes associated with the conductivity changes postulated
by Yang and Taylor4,13 at 305 K, nor the temperature of the
transition to fast ion conduction. Beside a note that the struc-
ture does not change between 300 and 435 K in the article by
Belyaev and co-workers,23 there are no data available on the
high-temperature structure, as all investigations ~e.g., Ref. 14
and others! were carried out up to room temperature, and no
comparisons between low-temperature and high-temperature
behavior were made. No information about the temperature
and frequency dependence of the dielectric behavior of
proustite has been reported above room temperature. Even
less information is to be found on pyrargyrite.
Here, we report the results of an investigation into the
behavior of Ag3AsS3 and Ag3SbS3 through room tempera-
ture up to the limits of their stabilities using dielectric spec-
troscopy, x-ray and neutron powder diffraction, and dynamic
mechanical analysis to define the structure, characteristics
and phase transitions present in the high-temperature form of
proustite, and make a comparison with its isostructural coun-
terpart pyrargyrite.
II. EXPERIMENTAL METHODS
A. Sample synthesis
For the dry sulphide synthesis, stoichiometric propor-
tions ~with a slight sulphur excess! of elementary silver ~Alfa
Aesar, granule 160 mesh, 99.99%!, sulphur ~Alfa Aesar,
flakes, 99.998%! and arsenic ~Alfa Aesar, pieces 99,9998%!
were mixed and fused together by heating in an evacuated
silica glass tube. It was first kept just above the melting point
of sulphur (Tm5459 K) at around 473 K to pre-react the
elements at a low vapor pressure, and then heated up to
around 673 K; at this temperature the silver mobility is high
enough for reaction and the arsenic is vaporized.
Sufficient reaction for applying the Bridgman–
Stockbarger technique was achieved after leaving the sample
FIG. 1. Hexagonal unit cell of proustite according to Engel and Novacki
~see Ref. 10! with thermal ellipsoids at 300 K, viewed along the threefold c
axis. Silver ions are large and oval shaped, enclosing AsS3 pyramids with
arsenic in their center and sulphur surrounding it on three sides.
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at 673 K for two days. The pre-reacted sample was placed
vertically in a Bridgman furnace to grow pure phase dense
macrocrystalline to single crystal proustite according to pre-
viously described methods.24 The samples were inspected vi-
sually by x-ray diffraction and electron microprobe analysis
~EMPA!. These showed them to be single phase, the EMPA
confirming stoichiometric composition.
Two natural equivalents to the synthetic specimens were
studied. The first one NPr1, used for almost all of the mea-
surements of natural material, was taken from the collection
of the Department of Earth Sciences, University of Cam-
bridge, UK. It was a bright red single crystal approximately
10 mm36 mm30.5 mm in size. As the amount of this ma-
terial was very limited, a second natural specimen Npr2 was
used for low-temperature x-ray powder diffraction studies. It
also came from the collection of the Department of Earth
Sciences, University of Cambridge, UK, and was polycrys-
talline material enclosed in a piece of milky quartz. Natural
samples of pyrargyrite from the same source were also stud-
ied for comparison ~Npy1, Npy2!.
The sample Npr1 was investigated using an optical mi-
croscope in orthoscopic mode with crossed polars and in
conoscopic mode in order to examine the interference figures
and determine the orientation of the sample’s crystallo-
graphic axes. Images recorded with crossed polars revealed
that the crystal, which seemed initially to be single crystal,
was twinned in one direction, with the orientation of the
domain walls at an angle of about 30° – 45° to the surface of
the thin section ~Fig. 2!. Conoscopic microscopy showed that
the section was cut directly perpendicular to the optical axis
of the sample, the threefold c axis of proustite. On rotating
the stage, it was observed that the sample was not uniaxial
throughout, but slightly biaxial. The acute bisectrix is still
perpendicular to the surface of the thin section, but the size
of this deviation from uniaxial was dependent on the twin
domain analyzed. It is likely that the twinning could have
been caused by an externally applied stress or growth varia-
tions which slightly changed the symmetry, as has recently
been described for other mineral systems.25–29
B. Impedance spectroscopy
In order to analyze the dielectric behavior of samples
NPr1 and NPy1, dielectric frequency-dispersive spectro-
scopic measurements were carried out. A computer-based
four-terminal impedance spectrometer was used ~Hewlett-
Packard HP4010 Impedance Analyzer Model 4192A LF!,
following the method of Palmer and Salje.30 Measurements
of capacitance C and conductance G were recorded over a
temperature range of 286–600 K, ramped in steps of 4 K per
measurement within a small purpose-built furnace and from
100 to 390 K within a CTI Cryogenics close cycle helium
cryostat. An alternating field was applied with a frequency
range of 10 Hz–13 MHz, using 123 frequencies in logarith-
mic steps. A polished disk of each sample ~0.5 mm thick for
proustite and 0.3 mm for pyrargyrite!, each cut perpendicular
to the c axis, was placed between two platinum plates serv-
ing as electrodes and connected using Ag paste. During the
experiment the interior of the tube furnace was held under
dry N2 purge. The samples showed no reaction with the sil-
ver paste after each experiment. Due to their sensitivity to
light the specimens were always kept in total darkness, al-
lowing a recovery period of 1–2 days after exposure to light,
which was described as sufficient by Shcherbin et al.31
Natural specimens of proustite were measured in four
cycles, each consisting of a heating and a cooling run in the
furnace and in two heating cycles in the cryostat. The syn-
thetic sample showed similar results for the natural sample.
Experimental data were reproducible if the samples were not
heated above 523 K. At this temperature, breakdown of the
sample is caused by decomposition reactions and possibly a
reaction with the silver paste. For comparison with proustite,
the natural pyrargyrite specimen was measured in the furnace
under equivalent conditions.
C. X-ray diffraction
X-ray powder diffraction data was obtained using
CPS120 Instrument Electronic ~INEL! position sensitive de-
tector ~PSD! with Cu Ka1 radiation. Powdered samples were
placed onto a platinum–rhodium heating element for high-
temperature measurements, and compressed into a nickel
sample holder for low-temperature measurements. A vacuum
was applied within the furnaces, depressurising the sample
chamber in the low-temperature machine down to 1023 bar,
and in the high-temperature machine to 531025 bar. Low-
temperature measurements were carried out using a closed
circulating He cryostat.
The temperature was measured by thermocouples lo-
cated directly underneath the sample holders, and controlled
by a Eurotherm controller. Spectra were collected by an
INEL PSD, with a ‘‘step size’’ of 2Q50.015°. For the low-
temperature measurements ordinary focus x-ray tubes were
used with an applied current of 30 kV and 20 mA. Low-
temperature spectra of proustite were acquired with a count-
ing time of 10 000 s per temperature step with cooling steps
of 10 K from 270 K down to 20 K for the natural sample
NPr2 and with 7200 s in 5 K steps for the synthetic sample
from 290 to 115 K. Natural pyrargyrite NPy2 was measured
for 10 000 s in 10 K steps from 70 to 280 K. The high-
temperature spectra of the natural proustite specimen NPr1
were measured in 10 K steps with counting times of 7200 s
per step from 343 to 718 K, using a Bede microfocus x-ray
FIG. 2. Image of twinned natural proustite NPr1 under crossed polars.
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source with an applied current of 40 kV and 2 mA. Pyrargy-
rite NPy2 was measured with a counting time of 3600 s in 10
K steps from 343 to 623 K. Several room-temperature dif-
fraction patterns were recorded using a Guinier diffracto-
meter and on both the low-temperature and the high-
temperature INEL machine. Data of synthetic proustite
recorded with the same techniques showed equivalent results
and will therefore not be considered further in this study.
Silicon was used as an internal standard for all measure-
ments. The x-ray data were evaluated and converted from
channels into 2Q values using a polynomial fit and were then
refined to obtain the cell parameters using the general struc-
ture analysis program ~GSAS! for Rietveld refinement.32
D. Neutron diffraction
Total neutron scattering experiments were undertaken on
the general materials diffractometer GEM at the pulsed neu-
tron spallation source in ISIS, Rutherford Appleton Labora-
tory ~RAL!. ISIS neutron diffraction instrumentation and
GEM in particular are described in detail elsewhere.33–35 A
RAL furnace was used for high-temperature experiments.
Sample holders were pure vanadium cans with an internal
diameter of 6 mm for the lower temperature runs ~from 292
to 353 K! and 8 mm internal diameter cans with a 6-mm-
internal-diam silica glass tube holding the powdered syn-
thetic proustite at higher temperatures ~up to 513 K!. Thus
we avoided danger of a reaction between mobile silver atoms
and the vanadium at high temperatures. The sample was
studied in short runs at 5 K steps from 293 to 513 K in order
to determine unit cell parameters. No higher temperatures
were measured to avoid decomposition.
E. Dynamic mechanical analysis DMA
Using a Perkin-Elmer dynamic mechanical analysis
~DMA!–7, very small thermal expansions and low-frequency
elastic compliances of crystals can be measured in three-
point bending geometry. The static force is modulated by a
dynamic force of chosen amplitude and frequency, ranging
from 0.1 to 50 Hz. The amplitude u and the phase shift d of
the resulting elastic response of a synthetic proustite sample
(1.48 mm35 mm30.62 mm) were registered via inductive
coupling with a resolution of Du’10 nm and Dd’0.1°.36
The applied static and dynamic force were 50 and 40 mN,
respectively. The resulting complex strain in the sample is
made up of an elastic and a viscous contribution, which al-
lows us to break up the single modulus in a term related to
the storage of energy and one related to the loss of energy.
The elastic or storage modulus is ideally the Young’s modu-
lus. The tangent of the phase angle tan d, also termed damp-
ing or Q21, is an indicator of how efficiently the material
loses energy to molecular rearrangements and internal fric-
tion, and is independent of the sample geometry.37 Data were
measured from 293 to 513 K scanning from 10–50 Hz every
5 K in steps of 0.2 Hz.
III. EXPERIMENTAL RESULTS
A. Diffraction experiments
For Rietveld refinement x-ray patterns were all cali-
brated to the Si internal standard, and the cell parameters
determined by neutron diffraction were then calibrated with
reference to the room-temperature x-ray measurement. As a
starting model in GSAS, the data of Engel and Nowacki10
were used. Two anomalies can be seen in the cell parameter
evolution in the region of interest between 250 and 600 K.
For both the natural and the synthetic proustite samples,
there are anomalies in the thermal expansion of the cell
edges and the unit cell volume. These are seen as changes in
the slope of the cell edge variation with temperature ~Fig. 3!;
one at 305 K in both samples, and another at 540 K in the
samples used for x-ray study ~beyond the temperature range
of the neutron study!. Anomalies were found in the dielectric
spectroscopy results at the same temperatures ~see later!.
Proustite exhibits negative thermal expansion along c below
room temperature, as reported previously,14 which changes to
a positive value above room temperature.
FIG. 3. The temperature-dependent lattice parameters and unit cell volume
for natural proustite ~NPr1 and NPr2! and synthetic proustite determined
from x-ray and neutron powder diffraction data from 70 to 600 K using the
Rietveld method. Cell parameters are given in Å and the unit cell volume in
Å3. The errors in the data are smaller than the symbols used.
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Data for pyrargyrite were collected on the high-
temperature and low-temperature INEL machines in exactly
the same way as those of natural proustite. The general fea-
tures and behavior are similar, although the change to the
high-temperature region is seen at lower temperature of
around 490 K ~Fig. 4! and the negative thermal expansion
along c is greater in magnitude, while the changes in slope in
a and V are smaller, all changing to a positive value at 280
K.
B. Impedance spectroscopy
The measurements of proustite obtained from the imped-
ance analyzer can be divided into two frequency regions dis-
playing different behavior. A low-frequency region lies be-
low approximately 5 kHz at room temperature, while a
higher frequency region exists from 5 to 13 000 kHz, the
highest frequency measurable by the apparatus. The capaci-
tance, C , is much higher in the low-frequency region than in
the high-frequency region ~Fig. 5!. In the low-frequency re-
gion, the conductance, G , is very low at all temperatures and
hardly changes during the measurement. In contrast, the con-
ductance at higher frequencies increases dramatically to
higher values at around 420 K and shows a jump at 490 K,
reaching still higher values. Measurements made with the
cryostat between 110 and 400 K show that the conductance
below room temperature is very low and starts to increase
slightly in the high-frequency region giving values equiva-
lent to the values obtained in the furnace at the same tem-
perature. The onset of the plateau in C above 300 K was
confirmed. No other significant features of G and C could be
detected below 300 K.
If an ac potential is applied across our sample, a phase
shift u between the current and the voltage is induced due to
the time dependence of the polarization processes. If the cur-
rent I and the voltage V are considered to have a time varia-
tion of eivt, the quantity V/I is a complex number with no
time dependence, and is called the complex impedance Z , the
real part of which may be interpreted as a resistance, and the
imaginary part may be interpreted as a capacitance
1
Z 5G1ivC .
The term impedance Z is used to refer to the modulus of the
complex impedance Z . The energy absorbed by the system in
an oscillation processes can be measured by the dielectric
loss, tan d, with d590°2u . It reaches its maximum at char-
acteristic frequencies of the sample and is directly related to
the real and the imaginary part of the dielectric permittivity,
«8 and «9. In an ac field with frequency v
tan d5
«9
«8
5
G
Cv .
We have used these relations to calculate the impedance, Z ,
and the dielectric loss, tan d, of our samples as a function of
temperature and frequency. The impedance, Z , shows several
characteristic features. In the high-frequency region it stays
constantly low without significant change over a range of
temperatures. In the low-frequency region, at around room
temperature, Z is over 3.43107 V21, and suddenly drops to
a local minimum around 300–315 K. It then reaches another
maximum of up to 63106 V21 at around 360–380 K, fi-
nally dropping to a lower level above 420 K and reaching
similar values as in the high-frequency region at 480–490 K
~Fig. 6!. It is worth noting that the separation of the high-
frequency and the low-frequency region seems to be tem-
FIG. 4. The temperature-dependent lattice parameters and unit cell volume
of natural pyrargyrite, determined from x-ray powder diffraction. The offset
between room-temperature measurement on the low-temperature and high-
temperature data set is due to instrument differences. Cell parameters are
given in Å and the unit cell volume in Å3.
FIG. 5. Capacitance C ~left! and conductance G ~right! of natural proustite
as a function of temperature and frequency of applied field.
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perature independent. Below 300 K this boundary is at a
higher frequency ~around 100 kHz! than the boundary ob-
served above 340 K ~where it is seen around 5 kHz!. It
would seem likely that the frequency-independent minimum
at around 305 K is due to a structural phase transition.
The behavior of tan d is strongly temperature dependent
in both the low-frequency and the high-frequency region, as
shown in Fig. 7. Although the low-frequency region is noisy,
the definitive feature is the sudden increase in tan d at about
490 K. At higher frequencies, a constant sequence of maxima
evolves out of a broad ridge that is seen around 305 K across
a broadband of lower frequencies. At 305 K there is a reso-
nance peak at about 1 kHz, which gently shifts as a set of
maxima with increasing temperature to higher frequencies.
The value of the maximum in this peak remains approxi-
mately constant between 330 and 490 K, then reduces to a
lower value, and finally above 550 K tan d increases to in-
finity. At this point it is likely that the sample breaks down
into silver sulphide and arsenic compounds. These maxima
in tan d are not seen below room temperature, where the only
peak observed was attributed to a resonance in the cryostat.
Dielectric measurements of the crystal of natural pyrar-
gyrite cut perpendicular to the c axis show similar features to
those of proustite. The conductance increases in the high-
frequency region at temperatures above 420 K while at the
same time the impedance in the low-frequency region de-
creases. The capacitance shows a similar plateau to that of
proustite, and tan d exhibits a series of maxima which shift to
higher frequency values with increasing temperature at the
same rate as in proustite ~Fig. 8!. Nevertheless, some differ-
ences could be detected: there is no local minimum in Z
around 305 K, nor is their a frequency-independent ridge in
tan d here, nor the onset of the plateau in the capacitance.
These may be shifted to lower temperatures, as indicated by
the onset of increased Z at higher frequencies around room
temperature, but measurements were not undertaken using
the cryostat.
C. Dynamic mechanical analysis
To summarize the temperature dependence of the me-
chanical response of proustite, the frequency-dependent data
between 10 and 50 Hz were combined ~to reduce statistical
noise!. Just above 305 K the storage modulus, essentially the
Youngs modulus for proustite, displays a minimum as a
function of temperature ~Fig. 9!. The dissipation function
tan d lies around zero at, and above, this temperature, until
around 420 K, when a gradual increase takes place, associ-
ated with viscoelastic loss. This shows the same general
trends as the increase in conductance measured by imped-
ance spectroscopy ~Fig. 5!. When the final increase to a
maximum in the viscous loss takes place, the material soft-
ens and finally it breaks down just above 500 K.
IV. DISCUSSION
Before discussing the results one has to bear in mind the
numerous previous investigations. In our search of the litera-
FIG. 6. ~left! The modulus of the impedance, Z , in 1/V of natural proustite
as a function of temperature and frequency. ~right! Contour plot of Z of
natural proustite combining both the high- and the low-temperature mea-
surement.
FIG. 7. Dielectric loss tan d of natural proustite. The onset of a set of
maxima from the ridge around 305 K is visible, and is absent below 305 K.
The peak around 1000 kHz at low temperatures is an artifact, resulting from
a resonance in the cryostat.
FIG. 8. Impedance ~left! and dielectric loss ~right! of pyrargyrite as a func-
tion of temperature and frequency.
FIG. 9. Low-frequency ~10–50 Hz! elastic loss and storage modulus of
proustite as a function of temperature.
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ture, no full structural data on proustite above 300 K by
x-ray diffraction or neutron diffraction have been found. The
space group of proustite at room temperature is reported as
R3c . An interesting characteristic14 confirmed here is the
anomalous negative thermal expansion in the c axis up to
room temperature. Proustite’s dielectric behavior, and its de-
pendence on illumination by light, was measured by Yang
and Taylor.3,4 They found that proustite exhibits anomalous
dielectric relaxation under illumination with white light at
T,305 K: «8 increases anomalously with decreasing tem-
perature. This behavior coincides with the assumption of
Subramanian et al.21 proposed in their NMR, where they
have found the onset of Ag1 diffusion motions at about 240
K just above the broad transition of Yang and Taylor.4 Un-
fortunately, Subramanian et al.21 did not state whether or not
their experiments were undertaken in darkness or under illu-
mination, as the system is highly influenced in its character-
istics by illumination. In darkness, no Debye relaxation is
seen by us at T,305 K and there was no maximum observed
in the dielectric loss function and «9,3 as is confirmed in this
study. Yang and Taylor3,4 did not undertake measurements
above room temperature. They suggested that the electrical
conductivity below 305 K was strongly frequency depen-
dent, while above 305 K it becomes dependent only on tem-
perature, controlled by silver ion migration energy and the
interstitial silver ion formation energy. In this model the car-
rier concentration is thermally activated with low hopping
rates and high carrier density. They detected another change
in electrical conductivity at around 420 K which they inter-
preted ~in terms of a first-order phase transition! as a change-
over from Ag1 hopping between particular interstitial sites
to fast ion conduction.
If changes in the structure of a material take place, such
as redistribution of atoms between possible sites, to such an
extent that it undergoes a structural phase transition, a spon-
taneous strain can develop in the low-temperature phase with
respect to the high-temperature phase. This may be seen in
the temperature evolution of the lattice parameters and vol-
ume, as deviations from the normal thermal expansion of the
material. Even if there is no symmetry change, a volume
strain can be present. These strains can be extracted from
cell-parameter data to provide information about the course
and character of the transition from the behavior of the order
parameter, Q . Proustite and pyrargyrite both develop spon-
taneous strains at two distinct temperatures, one around room
temperature and one at about 500 K. For pyrargyrite two
transitions are apparent (Tc5280 and 490 K!, at slightly
lower transition temperatures than those in proustite ~305
and 540 K!. These are seen in changes in in the temperature
evolution of the cell parameters ~Figs. 3 and 4!. The corre-
sponding spontaneous strains, determined as deviations from
the behavior of the paraphase cell parameters, are shown in
Fig. 10 for proustite and Fig. 11 for pyrargyrite. Changes in
the lattice parameters are particularly clear in the T depen-
dence of c in both minerals, with a change from negative
thermal expansion below room temperature to positive ex-
pansion above Tc at 305 and 280 K, respectively.
As there are no stepwise discontinuities in any of the
spontaneous strains, their changes being continuous, from
zero in the high-temperature phases to a linear T-dependent
behavior in the low-temperature phase, with ei}(Tc2T).
The proportionality of the strain to the order parameter could
be linear or quadratic, depending on the form of the symme-
try change. We do not know the symmetry relations of the
low and high phases, but since the strains along the cell
edges behave in the same way as the volume strain ~which,
by symmetry, can only couple in the lowest order quadrati-
FIG. 10. ~left! Positive strains developing in synthetic and natural proustite
at the second-order phase transition at 305 K show a linear behavior below
Tc , being continuous at Tc . ~right! Linear negative strains in natural prous-
tite at the transition at 540 K, which is also of second-order character.
FIG. 11. ~left! Positive strains developing in natural pyrargyrite at the
second-order phase transition at 280 K show a linear behavior below Tc
~seen best in e33), being continuous at Tc . The strain e11 is very weak and
scatter in the data is very high, with errors increasing with distance from Tc .
~right! Linear negative strain of pyrargyrite developing below the second-
order phase transition at Tc5490 K.
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cally with Q), this suggests that they are proportional to the
square of the order parameter Q , i.e., ei}Q2. Thus the
strains indicate that for all transitions observed Q2}(Tc
2T), suggesting a second-order character. The polarity of
the spontaneous strains in different temperature regions is
different, being positive at the lower transition which leads to
an increased thermal expansion above Tc , and negative at
the higher transition, where the thermal expansion behavior
decreases in the high phase in relation to the low phase.
From the behavior of the impedance Z ~Fig. 6! we can
see that the regions of local and absolute minima are at ex-
actly the same temperatures as the Tcs derived from x-ray
and neutron powder diffraction. This suggests that the
changes in cell parameters are linked to the conducting spe-
cies within the structure as they undergo changes in behavior
and ordering, increasing the conductivity during the transi-
tion to the high-temperature phase over that of the low-
temperature phase. This is seen from the maximum values of
the impedance Z in the low-frequency region, which de-
crease at each transition. Hence, the boundary of the region
of low impedance at higher frequencies shifts to lower val-
ues. In the highest-T phase, this leads to a dramatic increase
in the conductance of proustite above 420 K ~at high fre-
quencies!, as has been noted previously.4 However, the con-
ductance increases still further, up to 540 K, where the
sample then breaks down into silver sulphide and arsenic
sulphide, and does not remain static at the level of 420 K,
where Yang and Taylor4 suggested a first-order phase transi-
tion. No latent heat was found at around 420 K in differential
scanning calorimetry measurements that we undertook on
our samples. Furthermore, changes in the thermal expansion
appear only at 540 K. This casts doubt on the previous4
interpretation, and suggests that 420 K represents an onset
temperature for increasing ionic conductivity, leading to a
fast ion conducting phase. At 305 K no latent heat was de-
tected either, which is consistent with the transition character
being second order as suggested by the spontaneous strain
behavior.
No dielectric relaxation process is observed below room
temperature when the sample is kept in darkness, and the
imaginary part of the dielectric constant «9 and tan d do not
exhibit a maximum.3 In our measurements, undertaken in the
cryostat, the onset of a frequency-independent dielectric re-
laxation process associated with the silver ions is clear. This
appears as a ridge in tan d at 305 K ~for frequencies below 5
kHz!, while Z exhibits a minimum. The system also shows a
resonance below 1 kHz, which shifts with increasing tem-
perature to higher frequencies, which can be assigned to os-
cillation of the silver ions. Both tan d and «9 have a Lorent-
zian shaped maximum, while «8 has a plateau equal to that
of the capacitance C seen in Fig. 5. These features are char-
acteristic for a Debye oscillator.
One possible explanation for these observations is that
while the silver ions resided in distinct sites below 305 K
~without illumination!, above this temperature they have
enough thermal energy to start to move ~in darkness! be-
tween unoccupied C1 sites within the structure. They, there-
fore, hop between multi-well potentials with an activation
energy of 0.42 eV ~calculated from the dependence of the
characteristic relaxation time given by the peak in tan d on
1/T for our measured data!. The onset of this process claimed
by Subramanian et al.21 at 240 K could not be confirmed in
our investigation in darkness. An explanation for their mea-
surement could be that their diffusion measured below room
temperature is a similar characteristic to the onset of the fast
ion conduction at 420 K where the number of disordered
Ag1 slowly increases up to the transition temperature. How-
ever, our measurements show that there is no sloping in the
impedance as a sign of a gradual onset but a distinct mini-
mum at 305 K, as well as a dielectric loss equivalent to a
relaxation process over a range of frequencies with the onset
of a resonance corresponding to the silver hopping motion.
On heating, the oscillation process continues up to the
decomposition T of the sample. The activation energy of the
equivalent relaxation process observed in pyrargyrite is 0.40
eV, almost the same as that of proustite, which confirms that
hypothesis that the hopping motions are linked to the silver
ions and not to the AsS3 or SbS3 groups.
In many dielectrics there is not just one single relaxation
process ~and hence relaxation time! involved. Instead there is
a distribution of relaxation times and therefore of activation
energies. For example, these may be due to different relax-
ation processes operating, or even to a distribution in the
concentration of dipoles. In ionic hopping processes, such as
those occurring in proustite, it can be assumed that immedi-
ately after an ion hops across a lattice potential energy sur-
face to a new minimum it is still displaced from the true
minimum in potential energy, which includes a contribution
from other mobile defects. Over a long relaxation time this
defect cloud relaxes until the true minimum coincides with
the configuration. So a range of relaxation times may be
present.38
To check how close the relaxation time of the process in
proustite is to the single relaxation time assumed in the De-
bye model, the real and imaginary part of the dielectric con-
stant can be plotted against each other in a Cole–Cole or
Cole–Davidson plot, which gives the frequency dependence
of the dielectric constant at a certain temperature. In the ideal
Debye case this is a perfect semicircle bounded at «s and «‘
with a radius of («s2«‘)/2. The broader the distribution of
relaxation times, the more the plot deviates from the semi-
circular Debye case. The deviation can be calculated with the
empirical Havriliak–Negami expression for the frequency-
dependent dielectric constant
«~v!5«‘1
~«s2«‘!
~12~ ivt!12a!b .
Here, the parameters a and b are a measure of the distortion
of the semicircle, either depressing the center of the circle
below the real axis, as examined in the Cole–Cole equation
(b51,0,a,1), or skewing it, seen in the Cole–Davidson
expression (a50,0,b,1). The values of a and b lie be-
tween zero and one, and Debye-like behavior corresponds to
a50 and b51. Fits were made for several temperatures and
are reported in Table 1 and are illustrated in Fig. 12. Signifi-
cant changes in a, «s and «‘ are seen with changing tem-
perature. They increase in magnitude from an almost con-
stant level upon the onset of increased Ag1 migration above
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470 K. At temperatures above 500 K the parameters change
as the system approaches a fast ion conductor. The changes
in, «‘ , which accompany the changeover, may be linked to
increasing disorder of silver, which proceeds to a liquid-like
state.
Within the errors of the fit it is clear that proustite shows
an almost ideal Debye oscillation process with a small dis-
tribution of relaxation times, according to the Cole–
Davidson model. The semicircle ~Fig. 12! is not depressed
and just very slightly skewed to the higher values of «8. This
means that the hopping motion of the silver ions between
Frenkel defects in the structure between 305 and 540 K is
hardly disturbed and that the behavior is well described by a
single relaxation process.
The results of the DMA experiment are consistent with
the hypothesis advanced above: In the temperature region in
which the Debye process ~associated with hopping motions
between possible sites! dominates—between 305 and 420
K—proustite behaves elastically and hardly any anelastic
loss is seen. Since hopping produces a positive excess vol-
ume in the structure, it introduces a nonsymmetry breaking
strain and the thermal expansion of proustite increases to
higher values than seen at lower T , as seen in the positive
spontaneous strain of the second-order phase transition at
305 K. However, above 420 K the number of Ag1 ions with
enough thermal energy to move randomly within the struc-
ture ~instead of exhibiting single hopping motions! slowly
but constantly increases. The ionic Ag–S bonds between the
AsS3 pyramids are broken and the silver ions start to ran-
domly
disorder within the structure. The material softens and shows
anelastic behavior, seen in the increase in mechanical tan d
~which mirrors «‘) and the decrease in storage modulus. As
more silver ions enter this ‘‘molten sublattice’’ of silver
within the structure, it becomes less stable, and finally starts
to break down at 540 K when most of the silver is disor-
dered. At this point the transition to fast ion conduction is
reached, with the remaining Ag1 ions insufficient to link the
pyramids together. With maximum disorder of silver above
540 K within the structure, the additional contribution to the
thermal expansion due to increasing disorder is diminished
and the system returns to lower thermal expansion ~similar to
that seen before silver mobilization!, giving the negative
spontaneous strain at the second-order transition at 540 K.
Above 540 K the sample starts to decompose, leaving re-
sidual Ag2S while the other components vaporize. The more
limited data we have on pyrargyrite all point to analogous
behavior to proustite, with a slight depression of the tem-
peratures of the phase transitions around room temperature
and 500 K. It is worth reemphasising that the 305 K transi-
tion seen in proustite ~280 K in pyrargyrite! was observed by
us for samples held in darkness, and this may be related to
the lower temperature anomalies seen previously4 at 210 K
for samples that were illuminated. It remains to be seen
whether the behavior of pyrargyrite is light dependent.
V. CONCLUSIONS
This study has shown that the high-temperature behavior
of proustite is characterized by silver ion order–disorder
within the structure. The same can be said for pyrargyrite,
the behavior of which has been compared to that of proustite
and found to be equivalent. It can be thought of as a minor
deviation from that of proustite. Linked to the silver ion mo-
bility, the properties of proustite change at various tempera-
tures, resulting in different phases with various characteris-
tics. These can be summarized within the model described in
this work as:
~a! In darkness, at 305 K ~around 280 K for pyrargyrite!
proustite undergoes a second-order phase transition, evident
from the positive nonsymmetry breaking spontaneous strain
of the unit cell and the change in thermal expansion behav-
ior. The negative thermal expansion along @001# becomes
positive, as silver ions start hopping between unoccupied
sites within the structure, leading to an additional component
to the normal thermal expansion.
~b! The hopping motion is thermally activated as can be
seen from impedance spectroscopy. It may be described by a
single dielectric relaxation process, which appears in the
form of an almost undamped Debye oscillator with an acti-
vation energy of 0.42 eV. This is not observed below the
transition at 305 K. A Cole–Cole plot shows no distribution
of relaxation times.
~c! At around 420 K the high-frequency electrical con-
ductivity of proustite starts to increase, accompanied by a
softening of the elastic modulus as revealed by DMA mea-
surements. At this temperature, some of the silver ions,
which previously just exhibited hopping motion, start to ran-
domly disorder within the material and destabilize the struc-
TABLE I. Parameters obtained from a Cole–Cole fit of dielectric constant
data at various temperatures.
Temperature ~K! a b «s «‘
373 0.016 0.907 3580 39.13
388 0.020 0.887 3590 38.10
417 0.018 0.868 3620 37.23
433 0.021 0.845 3680 46.45
453 0.029 0.861 3690 75.02
473 0.026 0.856 3750 139.0
489 0.046 0.866 3860 288.5
500 0.088 0.908 4020 469.3
510 0.222 0.707 4430 677.7
FIG. 12. Cole–Cole plot for our data from natural proustite at 433, 453, and
500 K. The huge increase in «9 seen for high values of «8 is associated with
the noise in the low-frequency region of the dielectric spectra, and is not
related to the Debye oscillation process.
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ture. This leads to an increase in conductivity and to the
onset of fast ionic conductivity.
~d! As silver positional disorder increases, the conductiv-
ity increases, and when almost all silver is disordered into a
molten sublattice, a second phase transition ~at 540 K in
proustite and 490 K in pyrargyrite! occurs. The additional
component to the thermal expansion from silver disorder
ceases and a linear negative spontaneous strain indicates that
the transition is of second-order character. Above the transi-
tion silver seems to be maximally disordered within all pos-
sible sites, and the structure itself is mechanically weakened.
The material starts to decompose into Ag2S and sulphurous
arsenic compounds, which are volatile at this temperature,
and vaporize at the surface regions, leaving residual silver
sulphide at the surface of the sample.
The results found in the measurements undertaken give a
detailed picture of the externally measurable physical char-
acteristics developed in relation to the silver disorder of the
material. However, none of them is able to give a detailed
picture of what is actually happening at the atomic scale
within the structure, such as where the silver ions disorder to
or if they move within the two sets of helical Ag–S spirals or
within the chains of silver ions within the structure. It would
be interesting to get a more detailed structural picture of the
disordered phase, to see whether the pyramids in the struc-
ture remain in the same place, for example, or how the dis-
order of silver affects them, and what happens as the sample
decomposes. To clarify some of the structural questions on
the behavior and disorder of silver within proustite we plan
to use total neutron scattering data to extract the temperature
dependence of the radial pair distribution functions of differ-
ent atom pairs in the structure. By these means a detailed
picture of the short-range order may be obtained, parallel to
the long-range structure information, to consolidate our work
on this system.
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